Background: Studies suggest that obesity is associated with lower risk of prostate cancer but more aggressive cancers. As obesity lowers PSA levels, these observations may be influenced by detection bias. We examined the association between obesity and risk of low-and high-grade prostate cancer in REDUCE, in which biopsies were largely independent of PSA.
Introduction
Obesity is a global epidemic. Though obesity is an established risk factor for many cancers, the association is not clear with total prostate cancer risk (1, 2) , the most common nonskin cancer among men and the sixth most common cause of cancer-related death among men globally (3) .
A recent meta-analysis of prospective cohort studies, including more than 2,000,000 men worldwide, found that obese men are at increased risk of advanced prostate cancer, but lower risk of localized prostate cancer (4) . Multiple reasons for this association have been postulated (1) . One possibility is that obese men have lower PSA levels (5-7). Given only men with abnormal PSAs are typically referred for biopsy, if obesity lowers PSA, this could lead to fewer biopsies and reduced cancer detection. The missed cancers in obese men would continue to grow and be detected at a later more aggressive stage. Thus, detection bias could explain the observed association between obesity and increased risk of high-grade prostate cancer and decreased risk of low-grade prostate cancer.
Alternatively, obesity may biologically be linked with fewer nonaggressive cancers and yet more aggressive cancers. Indeed, a prior randomized trial of finasteride versus placebo for prostate cancer prevention showed that among men who underwent end-of-study biopsy, obesity was associated with lower risk of lowgrade prostate cancer but increased risk of high-grade prostate cancer (8) . However, in that study, nearly 40% of men refused biopsy (8) . Although the reasons for refusing biopsy were not reported, it is conceivable that men with lower PSA values elected not to undergo biopsy. Thus, although these data support the suggestion that obesity may be linked with fewer low-grade but more high-grade prostate cancer on a biologic level, to what degree these results were free of PSA bias is unclear.
To test the association between obesity and prostate cancer risk independent of PSA, we examined this association in the REDUCE study, a 4-year randomized trial of dutasteride versus placebo on prostate cancer risk (9) . Importantly, the REDUCE study mandated biopsies at 2 and 4 years regardless of PSA. Given that nearly 83% of men had at least one biopsy performed and >93% were per-protocol (i.e., performed regardless of PSA), this study provides a unique opportunity to test the association between obesity and prostate cancer risk largely independent of PSA. We hypothesized that obesity would predict lower risk of low-grade but higher risk of highgrade prostate cancer risk after controlling for clinical covariates.
Materials and Methods

Study population
The design of the REDUCE study has been reported previously (9) . Eligible men were of ages 50 to 75 years, with a serum PSA of 2.5 to 10 ng/mL if ages 50 to 60 years, or 3 to 10 ng/mL if >60 years, and a single, negative prostate biopsy (6-12 cores) within 6 months before enrollment (independent of the study).
Study design. REDUCE was a 4-year, multicenter, double-blind, placebo-controlled study (9) . Eligible subjects were randomized to dutasteride 0.5 mg/d or placebo. Visits occurred every 6 months. Total serum PSA (Beckman Coulter Inc.) was assessed every 6 months, with doubled PSA values (AE 0.1 ng/mL in half of the subjects) reported to investigators for men receiving dutasteride (9) . Unscheduled PSA measurements were permitted if obtained through the central study laboratory.
Subjects underwent 10-core transrectal ultrasound (TRUS)-guided biopsy at 2 and 4 years regardless of PSA levels ("protocol-dependent" biopsies); unscheduled biopsies were performed if clinically indicated ("protocol-independent" biopsies). For-cause biopsies obtained during months 19 to 24 and 43 to 48 replaced those scheduled for years 2 and 4, and were included in the definition of protocol-dependent biopsies.
At baseline, a detailed medical history was obtained, including smoking history, alcohol use, medication use, and medical comorbidities. Height and weight were measured and body mass index (BMI; kg/m 2 ) was calculated. Race was self-reported. Digital rectal examination (DRE) findings and TRUS prostate volume were reported from the pre-study biopsy.
Statistical analysis
Among 8,122 men included in the efficacy population, we limited analyses to 6,729 (82.8%) who underwent at least one biopsy. There were no differences in BMI between men who did and did not undergo at least one on-study biopsy (rank-sum, P ¼ 0.15). Moreover, men who did not undergo a biopsy were of similar age, and had similar baseline PSA values, and DRE findings (all P > 0.05). There were significant racial differences between men who did and did not undergo a biopsy (P < 0.001). Specifically, black men were overrepresented among men who did not receive a biopsy versus the whole study population (3.9 vs. 1.9%). Further details of the biopsy population have been previously published (10) . Moreover, obese men were equally likely to receive a second biopsy when compared with nonobese men (P > 0.24).
Among 6,729 men with at least one on-study biopsy, we excluded men with missing data for BMI (n ¼ 205), PSA (n ¼ 14), DRE (n ¼ 7), or TRUS volume (n ¼ 76) resulting in a study population of 6,427.
BMI was initially characterized as normal weight (<25 kg/m 2 ), overweight (25-29.9 kg/m 2 ), and obese (!30 kg/m 2 ). Men with BMI < 18.5 were not excluded (n ¼ 22). The association between BMI and baseline parameters was tested using Kruskal-Wallis for continuous variables and c 2 for categorical variables. The association between BMI and PSA as a continuous variable was further explored to determine the meanadjusted PSA stratified by BMI category. This was done using linear regression controlling for age (continuous), race (white, black, and other), prostate volume (continuous and log transformed), and DRE findings (suspicious for cancer vs. not). To determine which factor accounted for the differences between the univariable result and the multivariate result, each potential confounding variable was added to the univariable model one at a time.
The OR associated with BMI category at baseline and risk of high-grade (Gleason !7) or low-grade prostate cancer (Gleason <7) relative to no cancer was examined using multinomial logistic regression. Crude analyses were unadjusted. Multivariable results were adjusted for clinical characteristics known to be associated with prostate cancer risk, including age, race, baseline PSA, prostate volume, DRE findings, BMI, and treatment arm (dutasteride vs. placebo), using the same variable definitions as in the univariable results. Further adjustment for smoking, alcohol, diabetes, coronary artery disease, hypertension, and testosterone and DHT levels did not materially affect the results and thus were not included in the final model. Given results for overweight and normal weight men were similar, BMI was then categorized as obese (!30 kg/m 2 ) versus nonobese (<30 kg/m 2 ). We examined whether the association between obesity and cancer risk differed by age (< vs. >median), TRUS volume (< vs. >median), smoking status, hypertension, serum androgen levels (< vs. >median), and treatment arm (dutasteride vs. placebo) using stratified analysis and by testing for interactions by including a cross product term along with both main effect terms in the multivariable model. These analyses were adjusted for PSA, age, race, TRUS volume, treatment arm, and DRE findings. There were not enough non-White men, men with a suspicious DRE, or men with diabetes or coronary artery disease to test for interactions and thus such analyses were not done. All analyses were conducted using Stata 10.1 and a P value of <0.05 was set as the threshold for statistical significance.
Results
Study population and baseline characteristics Overall, 1,739 men (27%) were normal weight, 3,384 (53%) overweight, and 1,304 (20%) were obese. Higher BMI was associated with a lower PSA (P ¼ 0.06), but also larger prostate volume (P ¼ 0.0001) and younger age (P ¼ 0.0001), though the association with PSA was not significant. Overweight and obese men had more total number of cores taken on the baseline biopsy compared with normal weight men (P ¼ 0.012). The percentage of men who had an off-study biopsy was similar among the three groups (P ¼ 0.717). Though race was significantly associated with BMI (P ¼ 0.002), the overall differences were slight (Table 1) . After adjusting for age, prostate volume, and racial differences among the BMI groups, both overweight (P ¼ 0.003), and obese men (P ¼ 0.013) had significantly lower PSA values than normal weight men (data not shown).
Obesity, cancer risk, and tumor volume
Prostate cancer was detected in 1,448 men (23%), which was low-grade in 1,008 (16%), and high-grade in 440 (7%).
In crude unadjusted analyses, obesity was associated with overall decreased prostate cancer risk [OR, 0.84; 95% confidence interval (CI), 0.72-0.98; P ¼ 0.02], a lower risk of low-grade disease (OR, 0.74; 95% CI, 0.62-0.89; P ¼ 0.001) and was unrelated to high-grade disease (OR, 1.08; 95% CI, 0.86-1.37; P ¼ 0.50). After adjusting for multiple clinical features and treatment arm, obesity was not associated with overall prostate cancer risk (OR, 0.92; 95% CI, 0.79-1.07; P ¼ 0.28), although it was statistically significantly related to a lower risk of low-grade disease (OR, 0.79; 95% CI, 0.65-0.94; P ¼ 0.01) and higher risk of highgrade disease (OR, 1.28; 95% CI, 1.01-1.63; P ¼ 0.04; Table  2 ). To determine which factor accounted for the differences between the univariable and multivariable result, each potential confounding variable was added to the univariable model one at a time. Age and TRUS volume resulted in the greatest change in the OR for obesity and high-grade but not low-grade disease, suggesting in this cohort, these two variables were the greatest confounders. Further adjusting for serum hormonal levels (testosterone and DHT), lifestyle factors (smoking and alcohol use), or comorbidities (coronary artery disease, hypertension, or diabetes), did not materially change the magnitude nor the direction of the associations.
When stratified by treatment arm, the association between obesity and lower risk of low grade and higher risk of high grade was more pronounced for men assigned to dutasteride (Table 2) . However, the interaction between treatment arm and obesity was not significant (all P interactions ! 0.40).
Among men with cancer, tumor volume on biopsy was known for 1,444 (99%). Among these men, though the direction of the association was for obese men to have (10) 119 (9) a larger tumors, these results were not statistically significant (P ¼ 0.12; data not shown).
Obesity and potential interactions
When stratified by TRUS volume, hypertension status, smoking, alcohol consumption, or baseline testosterone or DHT levels, obesity remained associated with increased risk of high-grade disease and decreased risk of low-grade disease in all subsets and there were no significant interactions (all P interactions > 0.14), though due to small numbers, in many of these subsets the associations with obesity and outcome were not statistically significant. Results remained the same after accounting for family history of prostate cancer. A sensitivity analysis excluding men with DRE suspicious for prostate cancer at baseline showed that results were largely unchanged, in that obesity remained associated with higher risk of high-grade and lower risk of lowgrade prostate cancer. When stratified by the median age of 63, obesity was associated with lower risk of lowgrade disease in both younger and older men, though the association in younger men was not statistically significant (P ¼ 0.11). However, obesity was only associated with high grade in older men (OR, 1.55; 95% CI, 1.14-2.11; P ¼ 0.005) and not in younger men (OR, 0.95; 95% CI, 0.64-1.42; P ¼ 0.82; Table 3 ). The formal test of interaction between age and obesity for predicting highgrade disease approached but did not reach significance (P interaction ¼ 0.06).
Discussion
Studies on the association between obesity and prostate cancer risk have rendered conflicting results (2, 8, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) , though increasingly it is becoming apparent that obesity may be linked with fewer nonaggressive cancer, but increased risk of aggressive cancer (4) . Although the mechanisms explaining these observations are not clear, data suggest that obesity is associated with lower PSA levels (6,7), which could lead to fewer cancers detected, thereby confounding any analysis of the association between obesity and prostate cancer risk.
To address this, we tested the association between obesity and prostate cancer in the REDUCE study (10) , in which the vast majority of men underwent per-protocol biopsies regardless of PSA levels. Herein, we found that obesity was associated with reduced risk of low-grade and increased risk of high-grade prostate cancer. These findings provide further support for the hypothesis that obesity is a risk factor for high-grade disease independent of PSA levels and other clinical covariates. An important finding from our study was that while overall, obesity was unrelated to prostate cancer risk, it was selectively linked with increased high-grade and decreased low-grade disease. Of note, prior studies have seen obesity linked with fewer low-grade cancers and more high-grade cancers (8, 18, 21) . However, these studies were limited by ascertainment bias in that not all men had equal opportunities for cancer detection. The study most similar to ours used data from the Prostate Cancer Prevention Trial, a randomized trial of finasteride versus placebo for prostate cancer prevention (8). They examined 10,258 men who underwent end-ofstudy biopsy and showed that obesity (top vs. bottom quartile) was associated with 18% lower risk of lowgrade but 29% higher risk of high-grade prostate cancer (8) . However, within the Prostate Cancer Prevention Trial almost 40% of men refused the end-of-study biopsy (8) . In this study, nearly 83% of men underwent a biopsy, and <7% had a protocol-independent biopsy, suggesting that the vast majority had biopsies obtained independent of PSA. Thus, REDUCE provides a unique opportunity to examine the association between obesity and prostate cancer risk independent of the association between obesity and PSA. Furthermore, all biopsies were read by a single pathologist. Also, all serum analyses were done by a central laboratory eliminating variations that occur among different laboratories. The availability of key covariates, including lifestyle factors (smoking, alcohol) and comorbidities, allowed us to better assess the association between obesity and prostate cancer risk independent of these confounders. Therefore, this analysis provides strong evidence that obesity is fundamentally linked with higher risk of high-grade but lower risk of low-grade prostate cancer.
These disparate results between low-and high-grade diseases may explain much of the confusion about obesity and prostate cancer risk seen in the literature. For example, in the United States, where PSA screening is common and most prostate cancers are low-grade, this would explain the inverse association seen between obesity and prostate cancer risk in many studies (8, 18, 21, 22) . Alternatively, in Europe where PSA screening is less common and many cancers are more advanced at diagnosis, this could explain why obesity is linked with increased prostate cancer risk (11, 16) . Indeed, a recent meta-analysis found obesity to be linked with increased prostate cancer risk in Europe, but null associations in the United States (24) .
As reviewed in ref. (1), there are several mechanisms by which obesity could be biologically linked with aggressive prostate tumors while decreasing the risk of lowgrade tumors. However, the individual contribution of each factor is unknown. For example, obese men tend to have higher serum insulin, IGF1, and leptin concentrations while having lower adiponectin levels, all of which have been linked with prostate cancer in some studies (25) . In addition, obese men tend to have lower serum testosterone, which some studies have linked with an increased risk of aggressive poorly differentiated disease (26) but a decreased risk of localized well-differentiated prostate cancer (27) . Finally, obesity is linked with excess inflammation, which in theory could be antitumor for indolent tumors, while generating free radicals leading to DNA damage thus promoting the development of more aggressive tumors.
Our study was limited by missing data on key characteristics such as sex hormone-binding globulin levels and free androgen levels, which may be more biologically relevant in obese men. However, adjusting for serum androgens had no influence on our results. All men in this study had a negative baseline pre-study biopsy. It is possible that obesity influenced the risk of cancer detection on this initial biopsy, that is, obese men are at increased risk of having a missed high-grade cancer and by only examining men with a negative biopsy, we are missing the true effect of obesity on prostate cancer risk, though as noted our results are consistent with other studies that only examined initial biopsies (8, 28) and had longer follow-up (8) . Obese men had a larger prostate size, which we previously showed is associated with a lower rate of undergrading at the time of biopsy (29) . As such, this fact coupled with the fact that we adjusted for prostate volume, supports the idea that the association between obesity and high grade is not simply a prostate volume artifact. All men in this study had an elevated PSA. Thus, though once enrolled on the study, biopsies were generally independent of PSA, enrollment on the study was not. As such, this creates another selection bias. As data were unavailable regarding the men with a negative biopsy but who did not enroll in REDUCE due to not meeting the PSA entry criteria, it is unclear how this may have affected our results. Also, though dutasteride can cause prostate volume shrinkage, which in theory could aid in detection of missed cancers, we previously showed that the amount of prostate volume shrinkage was less in obese men (30) . Thus, the association between obesity and prostate cancer detection is unlikely to be confounded by dutasteride use. Similarly, dutasteride use has been associated with higher-grade tumors (9) . However, there were no significant interactions between dutasteride and obesity, indicating that the association between obesity and highgrade prostate cancer was independent of dutasteride treatment. As such, combining both arms of the REDUCE study merely increased the statistical power of our analysis. The limited number of men with extreme BMI values restricted our ability to examine the association between extreme BMI values and prostate cancer risk. Also, the number of non-White men in this study was small, limiting our power to examine these men separately. Whether our results apply to non-White men require further study, particularly, future clinical trials should include more men of African descent to test whether obesity is also a risk factor for high-grade prostate cancer among this group. Although the interaction between obesity and age approached significance for high-grade disease, it was not statistically significant. Moreover, in light of the fact that we examined multiple possible interactions, whether these results stem from type I error of multiple testing or other reasons (i.e., residual confounding, biologic, etc.) remain to be determined. Finally, our study outcome was prostate cancer detected on biopsy. Because of the study design of the REDUCE trial, we were unable to address how obesity may influence prostate cancer progression, and this topic requires further study.
In summary, in the REDUCE trial, in which nearly all biopsies were performed regardless of PSA levels, obesity was associated with a reduced risk of low-grade prostate cancer and with an increased risk of high-grade disease. These findings suggest that obesity may have a biologic role in the development of aggressive prostate cancer. Future studies should test whether lifestyle changes, which promote weight loss, can prevent the risk of developing high-grade disease.
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